GTPases are key-players in cellular signaling processes. Phosphorylation of Rab proteins, which belong to the Ras superfamily of small GTPases regulating intracellular transport, has recently been implicated in the pathogenesis of Parkinson Disease (PD). For Rab8a, it was shown that serine 111 phosphorylation (pS111) is dependent on the protein kinase PINK1, and that mimicking the phosphorylation at S111 by a serine/glutamate substitution (S111E) impaired Rab8a activation by its cognate nucleotide exchange factor (GEF) Rabin8. Here, we performed comparative Molecular Dynamics and free energy simulations on Rab8a and Rab8a:Rabin8 complexes to elucidate the molecular details on how pS111 and S111E may influence the interaction with Rabin8. The simulations indicate that S111E and pS111 establish an intramolecular interaction with arginine 79 (R79). In the complex, this interaction persists, and therefore perturbs a favorable intermolecular salt-bridge contact between R79 in Rab8a and the acidic aspartate 187 (D187) in Rabin8. Binding free analysis reveals that S111E and pS111, as well as the mutation R79A, in Rab8a drastically reduce the binding affinity to Rabin8. Combining the R79A mutation with S111E or pS111, respectively, nearly diminishes Rab8a-Rabin8 binding. In vitro experiments confirm our computational results showing that the nucleotide exchange rates of the respective Rab8a mutants are decreased by >80% in the presence of Rabin8 compared to wild type. In addition to specific insights into how S111 phosphorylation of Rab8a can influence GEF-mediated activation, the simulations demonstrate how side chain modifications in general can allosterically influence the network of surface side chain interactions between binding partners.
Introduction
The Rab subfamily of small GTPases is involved in the spatial and temporal regulation of of vesicular trafficking [1] [2] [3] [4] . The subfamily consists of ~60 Rab proteins in humans with specific intracellular localization to mediate signaling functions [5] . The basis for mediating signaling processes is a molecular switch between an inactive guanosine diphosphate (GDP) bound and an active guanosine triphosphate (GTP) bound state. In order to switch from the inactive to the active state, the binding of and activation by guanine exchange factors (GEFs) is required [1] . GEFs are enzymes that stimulate the release of GDP and binding of free GTP to Rab proteins. Additional partner proteins, referred to as effectors, can recognize the active GTP form and promote cellular downstream processes. GTPase activating proteins (GAPs) eventually return Rabs back to their inactive state by stimulating the intrinsic GTPase activity [6, 7] . The Rab activity state is communicated to regulatory proteins and downstream interaction partners by two functionally important loop regions referred to as switch I and II.
These regions are conformationally flexible in the inactive state but they become structurally ordered in the active form. Due to their pivotal role in binding to interaction partners, any changes in the conformation of these regions is going to influence the binding profile of the GTPase.
The activity of Rab GTPases can be further modulated by post-translational modifications (PTMs) such as phosphorylation [8] [9] [10] . For example, the PTEN-induced kinase 1 (PINK1) is a protein kinase that is indirectly involved in the phosphorylation of a conserved Ser111 residue in the Rab8a, 8b and 13 GTPases in vivo [8] . PINK1 is important for mitochondrial quality control, and mutations in PINK1 are associated with autosomal recessive Parkinson's disease [8] . Recently, it was found that mimicking the phosphorylation of Ser111 by introducing a Ser111->Glu (S111E Rab8a ) substitution significantly impairs Rab8a activation by its cognate GEF Rabin8 [8] .
The crystal structure of GDP-bound Rab8a in complex with Rabin8 provided molecular insights into the mode of this Rab-GEF-interaction [3] . Interestingly, in this 3D structure the S111 Rab8a is not directly interacting with Rabin8 (i.e. is not part of the interface). Hence, the decrease on the rate of Rab8a activation by Rabin8 due to S111 Rab8a -phosphorylation cannot be readily explained by a PTM-induced obstruction of the protein-protein interface.
However, S111 Rab8a is localized opposite to a negative surface patch of the Rabin8 (see Figure  1 ). Therefore, the repulsion of charges between the phosphorylation-mimicking S111E Rab8a mutation or the Ser111 Rab8a -phosphorylation and the negative surface patch of Rabin8 may provide a molecular cause for the less efficient complex formation.
In the present study we investigate the Rab8a:Rabin8 complex using Molecular Dynamics (MD) simulations to elucidate the molecular mechanism by which the Ser111 Rab8aphosphorylation impairs the interaction with Rabin8. We compare the Rabin8-binding of wild type Rab8a with the corresponding S111E Rab8a -mutant and pS111 Rab8a -modified form.
In the complex, D187 Rabin8 interacts with the switch II-residue R79 Rab8a to form a favorable salt-bridge interaction stabilizing the complex. However, in case of the Ser111phosphorylation or S111E substitution, we identified intramolecular side chain interactions in Rab8a between S111E Rab8a /pS111 Rab8a and R79 Rab8a . This interaction weakens or even disrupts the interaction with D187 Rabin8 in the complex with Rabin8. The simulations demonstrate that R79 Rab8a plays a key role in mediating polar interactions between Rab8a and Rabin8 that can be perturbed by introducing the S111E Rab8a mutation or upon S111 Rab8a phosphorylation. The simulation results could be confirmed by experimental in vitro measurements showing that the Rabin8-mediated nucleotide exchange rate of Rab8a variants (S111E Rab8a , R79A Rab8a ) is decreased by >80% compared to wild type Rab8a.
The study gives insights into the molecular mechanism of signaling modulation by phosphorylation of Rab8a. It furthermore is a model system on how modifications of polar and charged residues adjacent to (but not localized in) a protein-protein interface can allosterically modulate binding strength.
Results and Discussion
In a previous study it has been found that the phosphorylation mimicking S111E Rab8a substitution (and possibly also S111 Rab8a phosphorylation) in Rab8a impairs the activation by its cognate GEF Rabin8 [8] . In order to investigate the molecular origin of this effect we performed a series of Molecular Dynamics (MD) simulations of isolated Rab8a variants and in complex with Rabin8, starting from the known structures ( Figure 1 ). The substitutions were performed in silico to yield Rab8a S111E Rab8a and pS111 Rab8a variants, both in isolated Rab8a and in the complex with Rabin8 (see Methods). As a first step we performed 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 simulations on the isolated Rab8a variants (in complex with GTP or GDP) starting from the experimental structure in complex with a bound GTP analog (PDB: 4lhw) [3] .
On the simulation time scale of 200 ns, the sampled states remained close to the start structure with a similar overall root-mean-square-deviation (RMSD) relative to the start structure of all variants ( Figure 2 ). On this time scale, fluctuations of the switch I and II regions (in particular for the GDP-bound cases) but no unfolding processes were observed ( Figure 2 , Supporting Information Material Figure S1 ). However, both the phosphorylation mimetic S111E Rab8a as well as the pS111 Rab8a variant formed transient hydrogen bonding states with the side chain of R79 Rab8a in the neighboring switch II region ( Figure 2 ). Especially pS111 Rab8a formed a robust salt-bridge contact to R79 Raba8 with two H-bonds for 75 % of the simulation time. In only less than 10% (S111E Rab8a ) and 2 % (pS111 Raba8 ) of the simulation time, there was no contact with R79 Rab8a . The sampling of these intramolecular H-binding contacts was observed in both the simulations with GTP-and GDP-bound Rab8a ( Figure 2 ).
In contrast, no stable contacts between S111 Rab8a and R79 Rab8a were observed in the MD simulations of wild type Rab8a.
As a next step, MD-simulations of the Rab8a variants in complex with Rabin8 were performed starting from the known crystal structure (GDP-bound, PDB: 4lhy, residue substitution at position S111 Rab8a by in silico mutation). For all variants, the RMSD with respect to the start structure and the root-mean-square fluctuations (RMSF) (Supporting Information, Figure S2 ) was similar indicating that the substitutions do not significantly alter the overall structure of the complex.
However, in the case of wild type Rab8a in complex with Rabin8, the R79 Rab8a can form a hydrogen bonded salt bridge contact to D187 of Rabin8 (D187 Rabin8 ). This hydrogen bonded state was also observed as the dominant local conformational cluster during the simulations of the wild type Rab8a in complex with Rabin8 ( Figure 3, 4 ), suggesting that the contact contributes favorably to the stability of the Rab8a-Rabin8 complex. It is characterized by a short distance between side chain groups of R79 Rab8a and D187 Rabin8 and a larger distance of R79 Rab8a and S111 Rab8a . Indeed, several conformational clusters for the arrangement of the D187 Rabin8 , R79 Rab8a and S111 Rab8a side chains could be distinguished for the wild type case during the simulations, mostly with direct intermolecular contacts between R79 Rab8a and D187 Rabin8 (Figure 3 , Supporting Information Figure S3 ) .  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 In both cases of pS111 Rab8a modification and S111E Rab8a substitution, the simulations indicate that the intramolecular contact to R79 Rab8a persists in the simulations in complex with Rabin8 ( Figure 3 ). The average distance of residue S111 Rab8a to R79 Rab8a is considerably shorter compared to the wild type case (WT-complex: 7.8 Å, Rab8a(S111E)-complex: 5.1 Å, Rab8a(pS111)-complex: 4.1 Å). In the most dominantly sampled states, the R79 Rab8a -D187 Rabin8 contact is disrupted (or shows only a weak H-bonding geometry, Figure 4 ) and some sampled states allow for simultaneous contacts of all three residues (such that the average R79 Rab8a -D187 Rabin8 distance is similar in all simulations of the complexes, WTcomplex: 5.4 Å, Rab8a(S111E)-complex: 5.2 Å, Rab8a(pS111)-complex: 5.3 Å). The cluster analysis of the arrangement of the three residues in the simulations of the S111E Rab8a and pS111 Rab8a variants indicated sampling of fewer distinct clusters compared to the wild type ( Figure 3 , Supporting Information, Figure S3 ). Interestingly, due to the formation of the intramolecular contact between residue S111 Rab8a and R79 Rab8a , the average distance of residue S111 Rab8a relative to D187 Rabin8 is also reduced in the simulations of the pS111 Rab8a and S111E Rab8a variants (WT-complex: 9.2 Å, Rab8a(S111E)-complex: 8.0 Å, Rab8a(pS111)complex: 7.1 Å). It brings the negative charges of these residues closer together, and thus is expected to weaken the binding (see below). Finally, control simulations of the double substitution Rab8a(S111E, R79A) or Rab8a(pS111, R79A) in complex with Rabin8 indicate no stable arrangement with close contacts of the side chains R79 Rab8a , S111 Rab8a and D187 Rabin8 (snapshots of most dominant states are indicated in Figure 4C ,E).
In order to quantify the effect of the S111E Rab8a and pS111 Rab8a substitution in Rab8a on the binding to Rabin8, we evaluated the trajectories using the molecular mechanics-Poisson-Boltzmann surface area (MMPBSA) method [11, 12] . It should be emphasized that these calculations do not include all contributions to binding (they neglect for instance conformational entropy contributions), but allow a semi-quantitative comparison of relative binding affinity of the variants. The assumption is that the reduction in conformational entropy upon complex formation is similar for all variants. The MMPBSA calculations indicate only a small binding affinity difference in favor of Rab8a:GDP vs. Rab8a:GTP to Rabin8, which is in line with the experimental evidence that there is no strong preference for Rabin8 GEF interactions with the GDP vs. GTP bound forms of Rab8a [3] . Both, the substitution S111E Rab8a as well as the pS111 Rab8a modification resulted in a calculated reduction of the binding strength (by about ~9-10 kcal/mol). Apparently, this gives an 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 estimate of the energetic contribution of the favorable R79 Rab8a -D187 Rabin8 contact that is frequently sampled in the case of the Rab8a(WT):Rabin8 complex, but either disrupted or weakened by the presence of the nearby negatively charged residues S111E Rab8a or pS111 Rab8a in the Rab8a variants. It is important to emphasize that the calculated magnitude of this binding energy reduction is likely an overestimation because the entropic contributions to restrict the conformational freedom of the side chain motion upon binding is not included. Since our MD-simulations indicate that the R79 Rab8a residue may play a key role in mediating the effect of the S111 Rab8a modification, which does not directly contact the Rabin8 partner, we used the "alanine scan" option in the MMPBSA approach to investigate the effect of substituting the R79 Rab8a by alanine (R79A Rab8a ). Already in case of the wild type in complex with Rabin8, the R79A Rab8a is predicted to significantly reduce the Rab8a:Rabin8 binding affinity (Table 1 ). In case of the S111E Rab8a and pS111 Rab8a variants of Rab8a, a further reduction in affinity was observed. With the loss of contact between R79 Rab8a and D187 Rabin8 by replacing the arginine with alanine (R79A Rab8a ), an attractive force between the two proteins is eliminated, and by addition of the phospho-mimetic S111E subsitution (S111E-R79A Rab8a ), a repulsive electrostatic force between the two negatively charged residues (S111E Rab8a and D187 Rabin8 ) is predicted to weaken the complex affinity even more. This is reflected by the sum of Coulomb and polar-solvation contributions that represent the electrostatic contribution to binding. This contribution is more positive (by 5-9 kcal/mol) for all the R79A Rab8a variants compared to the cases with no R79 Rab8a mutation ( Table 1 ).
In addition to the average effect of the substitutions we also split the trajectories into sets of frames that belong to different conformational clusters formed by the residues R79 Rab8a , S111 Rab8a and D187 Rabin8 (see color coding in Figure 3 ). The MMPBSA analysis of these sets of frames indicates that each cluster of side chain arrangements contributes differently to the binding affinity. Some clusters make a favorable and others a less favorable or even unfavorable contribution to binding. For example, in case of the wild type simulations at around 100 ns mostly conformations with a R79 Rab8a -D187 Rabin8 distance > 4 Å are sampled resulting in an overall slightly positive interaction energy (ΔE >0) compared to states with a smaller R79 Rab8a -D187 Rabin8 distance (Figure 3 ). The S111E Rab8a substitution or phosphorylation results in a shift of the clusters to more states with an unfavorable effect on binding. The interaction energy (indicated as ΔE) is more positive compared to the wild type simulations especially in time intervals that correspond to conformations with increased 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 R79 Rab8a -D187 Rabin8 distances (illustrated in the last row of panels in Figure 3 ). The arrangement forms a model system how modifications of residues not being part of an interface can mediate or control binding affinity by changing the network of contacts of the nearby residues (in the present case, of R79 Rab8a ) with residues on the partner protein.
The simulations suggest differences in the binding affinity of the Rab8a variants to Rabin8, which should result in decreased nucleotide exchange rates for those variants compared to wild type Rab8a. With the exception of the pS111 Rab8a variant, it was possible to generate, express and purify all Rab8a variants (Supporting Information Figure S4 ). We determined the kinetics of Rabin8-stimulated nucleotide exchange reactions for Rab8a(WT), Rab8a(S111E), Rab8a(R79A) and Rab8a(S111E-R79A). The Rabin8-simulated GDP→GTP exchange rates were calculated for each Rab8a variant based on the time-dependent change of intrinsic tryptophan fluorescence ( Figure 5 ). We found that the phospho-mimetic S111E Rab8a and the R79A Rab8a mutants resulted in >80% reduction of the nucleotide exchange rate compared to wild type Rab8a. In the case of the S111E/R79A Rab8a double mutant, the nucleotide exchange activity was almost completely abolished (~95% decrease). Since the mutations are not on the Rabin8 side, the reduced activity must be due to the reduced binding of Rabin8 to Rab8a variants. Hence, the experimental results are in line with the computational prediction that the presence of S111E Rab8a or pS111 Rab8a prevents R79 Rab8a to engage in interactions with Rabin8, and therefore reduces the binding affinity [13] .
Conclusions
Post-translational modifications may play a role in modulating signaling properties of GTPases [8, 14] . Indeed, for Rab8a it has been previously shown that mimicking the phosphorylation at serine 111 (S111E Rab8a ) reduces the GEF-mediated activation by Rabin8 [8] . Interestingly, the structure determination of the Rab8a:Rabin8 complex [3, 8] revealed that S111 Rab8a is not directly located at the interface to Rabin8, and that even upon phosphorylation no direct contact to Rabin8 is sterically possible. In the present study, we investigated the molecular details on how S111E Rab8a and pS111 Rab8a affect the interaction with Rabin8 using a series of MD-simulations and free energy calculations. Both, the in silico S111E Rab8a substitution as well as the pS111 Rab8a modification tend to form intramolecular salt bridge-like contacts to the nearby R79 Rab8a residue within the switch II region . This was   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 observed in the isolated Rab8a variant and in the complex with Rabin8 as dominant conformational states that in case of the complex perturbs and even disrupts the R79 Rab8a -D187 Rabin8 salt-bridge contact in contrast to the wild-type complex. The importance of R79 Rab8a for stabilizing the binding of Rab8a to Rabin8 could be demonstrated by analyzing the R79A Rab8a substitution as well as double mutations (R79A Rab8a -S111E Rab8a , R79A Rab8a -pS111 Rab8a ). Although the predicted effects on the change in binding free energy due to the substitutions are likely to be larger than the experimental binding free energy changes, the order of the effect of each variant correlates very well with experimental data on the binding to Rabin8 and the GEF efficiency of Rabin8. In vitro experiments investigating the Rabin8mediated nucleotide exchange reactions confirmed the computational results. We show that the exchange rates of all Rab8a (S111E, R79A) variants are decreased by >80% compared to wild type Rab8a, suggesting that the residue R79 Rab8a in Rab8a plays an essential role in mediating the binding of Rabin8, and that S111E Rab8a interferes with this function.
It is well known that phosphorylation of protein residues can alter conformational equilibria, and in turn influence binding to protein partners. Examples are the phosphorylation of Arg/Ser rich proteins (RS-proteins) resulting in conformational changes and disruption of binding to RNA molecules [15] , or the phosphorylation of Tyr residues in Ras-GTPases that alter the switch I and II conformation directly affecting the interaction with effectors [16, 17] . The present study demonstrates a potential mechanism on how a chemical modification of a residue, which is not part of the binding interface, can modulate signaling events due to altering the neighboring side chain interaction network that is part of the interface with the partner protein. Such mechanism can be of particular importance when it comes to the finetuning of cell signaling events, where a complete disruption of the binding, and thus signaling, would be detrimental. The perturbation or alteration of interacting side chain networks can potentially be the basis of allosteric effects mediated not by chemical modification of side chains, but by binding of an allosteric effector adjacent to the interface with another binding partner. Indeed, for HLA-DR (MHC class II) molecules the conformational change of a Trp side chain induced by binding of the co-chaperone HLA-DM (at a site not overlapping with the peptide binding groove) has been found to control peptide binding and exchange [18] . Similar to the present case the allosteric effect is then mediated by perturbation of a side chain interaction network that mediates the interaction with the binding partner.
Materials and Methods

Molecular Dynamics Simulations
All isolated Rab8a simulations started from the crystal structure bound to phosphoaminophosphonic acid guanylate ester (GNP) (PDB: 4lhw) [3] . The Rabin8-bound simulations started from the crystal structure of Rab8a:Rabin8 complex (PDB: 4lhy) [3] . The nitrogen atom between the β-and ɣ-phosphate in GNP was exchanged with an oxygen atom to model the Rab8a:GTP structure. The terminal phosphate was removed to form an initial model of the Rab8a:GDP complex. In the model of the phosphorylated complex, the Ser111 (S111 Rab8a ) was replaced with phosphoserine (Ser111:pS111 Rab8a ) to form the phosphorylated Rab8 structures. The Amber ff14sb force field [19] was used for the proteins, additional force field parameters for GDP, GTP and phosphoserine were taken from the Amber parameter database at their fully unprotonated states [20, 21] . A recent study by Mann et al. [22] supports the unprotonated state of GTP as the most populated state at neutral pH. For Rab8a:GDP simulations, a Mg 2+ ion with two bound water molecules was placed next to GDP-phosphate. Using sodium and chloride ions, the salt concentration was adjusted to 0.1 M and the systems were solvated with the TIP3P water model [23, 24] . The solvated systems were equilibrated by a first energy minimization (5000 steps), followed by 25 ps of heating and 50 ps of density equilibration, followed by a simulation in NPT ensemble at 300 K. During these equilibration phases, all protein nucleotide heavy atoms as well as magnesium ions were restraint with a harmonic potential at force constant of 5.0 kcal mol -1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Binding affinity calculations: The interaction energies between Rab8a and Rabin8 were calculated using MMPBSA tool [11] of the AMBER software suite. Five production simulations of 2ns length started from the complex of GDP-bound Rab8a and Rabin8 (PDB: 4lhy) at 300K, generating snapshots every 10ps. A similar set of simulations were carried out starting from the same structure but with S111E Rab8a mutated. Using the 'alanine scan' feature of MMPBSA, the contribution of R79 Rab8a in each case was evaluated. Calculations were carried out on a sum of 1000 frames for each complex at an ion concentration of 0.1M. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 MZ conceived the theoretical and computational part of the study, AI conceived the experimental part. All experiments were performed by SV. DPD performed all simulations.
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Mean energies and free energies are stated in kcal/mol. 
